Abstract: This study analyzed the environmental impacts of the materials phase of a net-zero energy building. The Center for Sustainable Landscapes (CSL) is a three-story, 24,350 square foot educational, research, and administrative office in Pittsburgh, PA, USA. This net-zero energy building is designed to meet Living Building Challenge criteria. The largest environmental impacts from the production of building materials is from concrete, structural steel, photovoltaic (PV) panels, inverters, and gravel. Comparing the LCA results of the CSL to standard commercial structures reveals a 10% larger global warming potential and a nearly equal embodied energy per square feet, largely due to the CSL's PV system. As a net-zero energy building, the environmental impacts associated with the use phase are expected to be very low relative to standard structures. Future studies will incorporate the construction and use phases of the CSL for a more comprehensive life cycle perspective.
Introduction and Background
As the number of low-energy buildings increases, the need to consider embodied energy from building materials increases, especially if an overall goal is to reduce the building's life cycle energy use. The life cycle assessment of advanced building materials and systems is paramount to significantly improving overall environmental building performance. This paper focuses on an illustrative case study, a net-zero energy/water building, which aims to achieve significant benchmarks in the United States-the Living Building Challenge and Leadership in Energy and Environmental Design platinum. A materials phase life cycle assessment was completed on the Center for Sustainable Landscapes (CSL). We focused on materials not only due to current construction and operation schedules, but also because previous studies have suggested that the materials used to construct green buildings have higher environmental impacts than those of traditional buildings [1] [2] [3] .
The following definitions are posed to ensure understanding of the concepts presented: Embodied Energy: the energy required to extract, process, manufacture and transport building materials (within the manufacturing stage), associated with the building [3] ; Cumulative Energy Demand: the impact assessment method used to calculate embodied energy and primary energy, developed by ecoinvent and expanded by SimaPro developers to include other databases [4, 5] ; Carbon Footprint: a measure of the total amount of equivalent carbon dioxide emissions directly and indirectly caused by an activity or is accumulated over the life stages of a product [6] ; Embodied Carbon Footprint: a term used by the International Living Future Institute to describe the carbon footprint associated with the structural materials of a building and used to measure the quantity of carbon offsets needed to be purchased for Living Building Challenge certification [7, 8] . Net-Zero Energy: often defined as the balance between the energy consumed by the use of the building and the energy produced by the building's renewable systems on an annual basis [9] . Material Phase: the phase related to material extraction and product processing and manufacturing. Use Phase: the phase related to a building's operational lifetime, including energy consumption, maintenance, and replacement materials.
Life Cycle Assessment and Building Energy Use. One method to assess the overall environmental impacts is with Life Cycle Assessment; LCA is a tool used to quantify the environmental inputs and outputs from the raw materials extraction and manufacturing of the product (i.e., cradle) through the product's use phase and ultimately, disposal (i.e., grave) [10, 11] . In a whole-building LCA, environmental impacts can be calculated at all phases: raw materials extraction and processing, product shipment to site, construction, use/maintenance, and demolition/disposal. LCA provides a standardized method for comparing the relative sustainability of similar products or processes. LCA can also identify points in a product or process cycle where environmental impacts are relatively high and changes could be made to improve the sustainability of the overall system. According to ISO 14040 standards, an LCA is conducted in four phases [12] . The first phase, goal and scope definition, establishes the boundary conditions of the system, defines a functional unit for the system, and enables equivalent comparisons with other products or processes. During the second phase, Life Cycle Inventory (LCI), data is aggregated to determine the aggregate inputs and outputs. In the case of a building materials study, this is often the quantity of materials used as well as the emissions associated with the production of those materials. In phase three, Life Cycle Impact Assessment (LCIA), the LCI is translated using characterization factors, into impact categories, such as global warming potential and ecotoxicity. The fourth and final phase is interpretation, where data and results are analyzed to determine areas of relatively high environmental impacts and recommendations are made for improvements to the system. The four phases often occur in an iterative nature. Some LCA tools and software exist that can be used to assess buildings, for example, BEES, ATHENA, GaBi Build-it, and SimaPro [13] [14] [15] [16] . The USGBC has also started to incorporate LCA into their newest version of LEED through pilot credits, including Pilot Credit 1: Life Cycle Assessment of Building Assemblies and Materials and Pilot Credit 63: Materials and Resources-Whole Building Life Cycle Assessment [17] .
Although a range of findings are prevalent in the LCA and energy building literature, general consensus maintains that the use phase of a standard building represents the largest phase in terms of energy consumption. Studies assuming a 40 to 50 year life span found that the use phase, or operational energy, contributes anywhere from 52% to 82% of the total life cycle energy consumption of a building [18] [19] [20] [21] [22] . One study used a 75-year lifetime and another analyzed 73 case studies ranging from 40 to 100 years, resulting in total operational life cycle energy of 94% and 80%-90% respectively, highlighting the influence of a building's life span [23, 24] . The construction and material phases of traditional buildings account for 2% to 15% of a building's total life cycle energy, from embodied energy to operational energy to demolition energy [22] [23] [24] . However, as the impacts associated with the use phase of buildings starts to decrease with more efficient technologies, it is becoming more important to look at the embodied energy [3] .
Recent research has found that lower energy houses typically have proportionally higher embodied energy compared to traditional houses, and that while environmental sustainability was improved through reduction in energy use, the embodied energy of the materials, particularly those materials comprising the shell of the structure, actually increases slightly in low-energy buildings [1, [19] [20] [21] [22] 25] . Some studies have concluded that embodied energy for conventional buildings accounts for 10%-38% of the total energy in a building's life cycle [2, 18, 23, 26] . Embodied energy has a higher relative percentage in low-energy buildings, one study finding 9%-46% of a buildings total life cycle energy, than in conventional buildings, an important realization for moving forward with green building analyses [2, 18] .
Living Building Challenge. Cascadia Green Building Council launched the Living Building Challenge (LBC) in 2006 [27] . In 2009, Cascadia formed the International Living Building Institute to oversee LBC and in 2011 the Institute was renamed the International Living Future Institute. Version 1.3 of the LBC standards was released in August 2009; Phipps Conservatory and Botanical Gardens, the case study, evaluated herein, is designed to meet LBC v1.3.
LBC Version 1.3 is divided into six prerequisites or "petals", all must be met to achieve certification. The petals are: beauty and inspiration, site, materials, energy, indoor quality, and water. The materials petal contains five of the 16 prerequisites for Living Building certification and includes restrictions in the types of materials that can be used, distance radius from manufacturer to building site for materials and services, carbon footprinting, and construction wastes [27] . In order to achieve LBC certification, the building must be in full operation for one year and monitored during this time to ensure it meets operational criteria, including net-zero energy and water consumption.
As of August 2012, the International Living Future Institute has six buildings with certification: three educational buildings have achieved full Living certification, two mixed office spaces that have achieved Net-Zero Energy certification, and one residential building that has achieved Petal Recognition. Roughly 12 projects are reaching the end of their one-year operational phase and will be submitting for certification in the next 6 months [28] . Net-Zero Energy certification is a partial certification program that focuses on the buildings ability to fulfill net-zero requirements, likewise, petal recognition is a partial certification program that is awarded to projects that satisfy three out of the six petal categories for the LBC [7] . There are very few life cycle based studies on the environmental effects of net-zero energy buildings or Living Buildings [9, 18, 25, 29] .
Approach and Methods

Case Study Description: Phipps Center for Sustainable Landscapes
Phipps Conservatory and Botanical Gardens was built in 1893 as a gift to the city of Pittsburgh, Pennsylvania [30] . The mission of Phipps, "to inspire and educate visitors with the beauty and importance of plants; to advance sustainability and worldwide biodiversity through action and research; and to celebrate its historic glass house" is complemented by a three-part green capital plan [30] . The green capital plan, which started at the beginning of the new millennium, includes a LEED Silver Welcome Center integrated into a historical landmark, production greenhouses with state-of-the-art energy and water efficiency, and lastly, the new Center for Sustainable Landscapes (CSL) building. The CSL is a 24,350 square foot educational, research, and administrative office attempting to meet the high green standards of the Living Building Challenge v1.3, LEED Platinum, and SITES certification for landscapes [31] . The CSL will be an integral part of the existing Phipps Conservatory and Botanical overall plan.
Using an integrated project delivery system, the project owner, architects, engineers, and contractors designed the CSL to be a facility that combines passive solar design, geothermal wells, photovoltaics, solar hot water collectors, a constructed lagoon and wetland system, permeable paving, and a green roof. The CSL is 3 stories with cast-in-place concrete and steel framing for the structure and aluminum/glass curtain wall and wood cladding for the envelope while the roof is a combination of a green roof, paver patio, and thermoplastic polyolefin white roof. Construction on the facility began in winter 2010 with completion expected in 2012.
LCA Boundary Definitions and LCI Data Sources
This LCA focuses on the environmental impacts of CSL's building materials. The boundaries for this study include material extraction and product processing and manufacturing (defined herein as "materials phase") of the CSL. Transportation of the building materials to the construction site, construction waste, and materials used for construction itself (e.g., temporary materials) are not included. The building material phase is becoming increasingly important as the impacts associated with the use phase of low-energy buildings decreases. The functional unit of this study is defined as the entire CSL building. Figure 1 details the major components of the analysis, ranging from structural elements to interior flooring as well as ductwork for the Heating, Ventilation and Air Conditioning (HVAC) system and piping for plumbing. This LCA also includes the production phase of the photovoltaic (PV) panels as well as the geothermal heat wells. It is important to note that the PV panels do not include the mounting system or the monitoring system and the associated materials with those PV system parts The mounting system, monitoring system, and associated PV system parts account for approximately 18% of the total primary energy for the PV system [32] . Not included in the study were landscaping elements; interior finishes such as carpet tiling and paints were also not included in this study as they represent a small quantity of the building's total mass. Paint and interior finished represented only 2%-4% of energy and global warming impacts in previous building LCA studies [20] . The analysis takes a closer look at the initial materials involved with the CSL and does not account for replacement materials, which would be deemed in the "use phase" and therefore, out of the boundary definition. Figure 1 . System boundary: material phase for illustrative case study [33] .
Material inventory data was obtained through CSL's project documents, including estimates, plans, and specifications provided by the architects and the pre-construction management company. Materials were allocated to a representative LCI unit process within an environmental impacts database, with preference first given to the US based material process database Franklin USA 98 [34] . When Franklin USA 98 was insufficient to represent the material, ecoinvent was used [35] . If a unit process was not available in either Franklin USA 98 or ecoinvent, another database was selected based on the best possible information of the unit process description, boundary considerations, and installed product use. Table 1 provides a description of building material and associated LCA unit process. 
Impact Assessment Methods
The LCIA phase was conducted using two impact assessment methods. First, embodied energy of the materials was calculated using a Cumulative Energy Demand (CED) method developed by ecoinvent [39, 40] . The remaining environmental impacts were calculated using TRACI 2 v3.01. TRACI, or Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts, was developed by the Environmental Protection Agency (EPA) as a US-based impact assessment method [41] . The impact assessment categories reported from TRACI include global warming, acidification, human health cancer, human health noncancer, human health criteria air pollutants, eutrophication, ecotoxicity, smog, natural resource depletion, water intake, and ozone depletion.
Results, Discussion, and Interpretation
Life Cycle Environmental Impacts of LBC CSL Building Materials
We considered two sets of results with the goal of providing information related to building systems/components (e.g., electrical, plumbing, etc., in Figure 2 ) and materials (e.g., gravel, steel, etc., in Figure 3 ). In general, either the foundations and excavation or structure categories of the CSL represented the highest environmental impact in nearly every impact category analyzed shown in Figure 2 . Concrete contributes an average of 73% of the environmental impacts for the excavation and foundations of the building, and steel contributes an average of 59% of the environmental impacts for the structural system of the CSL. The electrical system (PV panels and inverters), along with the plumbing system, also represents high environmental impacts, specifically in the human health cancer, human health non-cancer, eutrophication, and water intake categories. To further understand the source of the environmental impacts, the building materials were analyzed separate from their building system, shown in Figure 3 . As concrete and steel represent a large portion of the CSL materials by weight, reducing the impacts associated with concrete and steel would have high-yield results for the building's overall LCA. Although researchers have identified concrete and steel as significant sources of global warming potential and embodied energy, alternative materials are often not used. Long-term solutions and material replacements may need to be considered [38, 42, 43] . Short-term solutions include continued improvements to the manufacturing process of steel or continued research on additives to concrete to reduce the environmental impacts [3] . Instead of using 100% Portland cement for concrete, incorporating 25% flyash or 40% ground granulated blast furnace slag into the concrete mixture has the potential to reduce greenhouse gas emissions up to 14% and 22% respectively [38] .
To meet the standards set forth by the LBC, the CSL and our analysis used a minimum of 40% flyash for cement replacement. For this calculation, we utilized the results of a report that found that 12% of cement replacement by mass, attributed to 92% of the embodied energy of the concrete [44] . Extrapolating this data in relation to the 40% flyash reduction assumed for the CSL results in an overall 25% reduction in energy consumption for the production of the concrete. According to published reports and assumed in this study, production energy associated with the increase of flyash percentage in cement does not account for the production of flyash because it is considered a waste by-product [44] [45] [46] [47] . With respect to GWP of flyash replacement in cement, we assumed an emission factors for cement to be 0.82 ton CO 2 /ton of cement and for flyash to be 0.027 ton CO 2 /ton [38] . We applied these emission factors and found that compared to using 100% Portland cement, the use of 40% flyash for cement replacement reduced concrete's overall GWP contribution by 39%.
In terms of other alternatives for future building options, another study concludes that the incorporation of engineered cementitious composites instead of conventional steel expansion joints can reduce life cycle energy consumption by 40%, waste generation by 50%, and raw material consumption by 38% [48] . Although the engineered cementitious composites can extend the life span of the structure and may require less maintenance than conventional infrastructure, the cost is approximately two to three times higher per unit volume [48] . Externalities such as cost and resource availability are important in terms of the future of sustainable design.
For steel, stainless steel production incorporates the use of 33% of recycled steel, which accounts for 3.6 kg of carbon dioxide emissions per 1 kg of stainless steel produced [49] . Theoretically, the use of 100% recycled content in the production of stainless steel would result in 1.6 kg of carbon dioxide released for every 1 kg produced, or a 44% overall carbon dioxide reduction [49] . Applied to the CSL, the 100% recycling process would reduce carbon dioxide by 85,000 kg and the total global warming potential for the CSL building by 8%.
Other significant materials include gravel, crystalline silicone associated with the PV panels, and electronic components associated with the inverters. Due to the intense process of mining gravel, including machinery, electricity, and hazardous waste disposal, in conjunction with the release of particulate matter, gravel has high human health impacts in both cancer and non-cancer categories [50] [51] [52] . For PV panels, the high water intake category is a result of heat recovery units within the PV system and prevention of dust accumulation, which inhibits solar efficiency [53, 54] . Inverters required to utilize the PV panels contain many electronic components, which are associated with a high level of toxicity risk [55] . Components such as the integrated circuit, wiring board, and inductor contribute to global warming potential, while the copper wiring contributes to categories such as acidification, eutrophication, and human health impacts. Standard structures do not generally include PV panels in the material phase as they utilize the grid or natural gas as primary energy sources for the use phase. However, PV panels as a renewable, non-fossil based fuel source reduce the impacts during the use phase of the building's life cycle and reduce the total environmental impacts of the CSL when allocated over the building's lifespan. In other words, PV panels have high impacts in the material phase, but low in the use phase, while traditional non-renewable sources commonly have low impacts in the material phase and high impacts in the use phase.
Comparison of Net-Zero Building to Standard Buildings
The differences between environmental impacts of this net-zero energy building and a standard structure largely result from unique design components such as passive solar, natural ventilation, and a green roof. Previous LCA studies of five buildings show that steel, concrete, and glass have significant environmental impacts relative to other building materials. Similarly, the LCA of the CSL identified concrete and steel as materials with the largest relative impacts. An overview of the traditional structures compared to the CSL is summarized in Table 2 . Though the assumed lifespan of each building is listed in Table 2 , this study compares the CSL to other building LCAs based only on the initial building materials and not materials required for temporary construction, maintenance, or energy required during the use phase. Because of inherent boundary issues with LCA and building, material quantity and associated impact data from these previous studies were extrapolated to include the initial building materials only. The analyses of replacement materials in the compared reports were removed to have equivalent comparisons with the CSL study. The results shown are categorized by the initial material total to the m 2 area of each building, not by the lifespan of the materials.
Global warming potential (GWP) was compared between the CSL and the published results ( Figure 4) . The CSL was compared with and without the inclusion of the PV panels, inverters, and the geothermal wells, due to the fact that they are not a common material across all the published studies examined. The results show that PV panels and inverters account for approximately 16% of the total GWP, while the geothermal wells account for 5% of the total GWP for the CSL. For all structures, concrete and steel accounted for a large range of results, 11% to 65% and 17% to 38% of the buildings' total GWP. The second parameter compared between the CSL and the published reports was embodied energy ( Figure 5 ). Embodied energy is the energy required to extract, process, manufacture and transport building materials, associated with the building [3] . The PV panels and inverters represent 49% of the total embodied energy and the geothermal wells account for approximately 4% of the total embodied energy of the CSL. High levels of energy are required for the production of the PV panels and inverters, contributing to the high levels of embodied energy [56] . For all structures, concrete and steel contributed 7% to 28% and 12% to 42% of the total embodied energy, respectively. The contributions of concrete, steel, and glass to GWP and embodied energy are comparable between the CSL and standard commercial structures, as seen in Figures 4 and 5 . The addition of green energy features such as the PV system and geothermal wells increases the CSL's global warming potential and embodied energy by nearly 30% and 50% respectively. Yet despite this increase, the GWP for all of the CSL's materials is only 10% higher than Junnila's US-based commercial structure, and the embodied energy remains slightly less than Junnila's US structure. Due to previous literature, it was assumed the CSL's materials would have a higher embodied energy when compared to standard buildings [2, 3, 25] . The next step in this research is to conduct a full LCA of the CSL, which will include the construction, use, and end-of-life phases. For net-zero energy buildings, the materials chosen and the design of those materials contribute to the amount of energy and resources consumed by the building during its lifespan, and should also be considered in the net-zero energy designation. Because buildings are generally assumed to be in use for 50 to 75 years, design changes that improve performance can make a large difference in the total effects of our building stock. Net-zero energy and high performance buildings should not, however, neglect the impacts associated with construction materials, as the impacts from these design decisions become more significant in the total life cycle of these structures.
Conclusions
This study analyzed the life cycle environmental impacts of the materials phase of a net-zero energy building. Concrete and steel, the majority represented by the excavation and foundations and structural building systems, represent the highest environmental impacts in most categories. Gravel makes up a noticeable impact in the human health cancerous and non-cancerous categories of the CSL, while the production of PV panels and inverters makes up over 50% of water intake and eutrophication impacts.
It is important to identify those materials within the building system that have the greatest effect on a building's environmental impacts in order to target specific areas for minimizing environmental impacts in future construction. Comparing LCA results of the CSL to standard commercial structures reveals that the addition of the CSL's energy reduction systems, such as PV and geothermal wells, results in a 10% higher global warming potential and nearly equal embodied energy per square foot relative to standard commercial buildings.
This study looked at the both the GWP and the embodied energy for the CSL building materials and it is important to note that for LBC certification, only the Embodied Carbon Footprint (ECF) is needed. As mentioned in the Introduction, the International Living Future Institute defines the ECF as the carbon footprint associated with the materials of a building's structure [7, 8] . However, this prerequisite is still a work in progress in terms of accuracy, process, and performance [57] . The LBC certification is unique as a green building rating system due to its requirement to be net-zero energy and water during the use phase. To accommodate for the fact that energy is used during the manufacturing of the building structure materials, the ECF prerequisite uses a carbon footprint calculator to determine how many carbon-offsets need to be purchased to fulfill the prerequisite. The carbon-offsets are justification for the carbon emissions in the manufacturing process. For future versions of the LBC, more robust embodied energy calculators may provide a more accurate understanding the life cycle energy of a building and truly bringing it closer to net-zero.
As more building are designed to meet net-zero energy goals, the embodied energy of the materials plays an increasingly important role. Many studies in the past have largely focused on use phase energy, as that building life cycle phase typically dominated analyses. We now need to reconsider the important interplay between building materials and use phase performance to truly design and operate net-zero energy buildings [18, 58] . An important and necessary aspect of "net-zero energy" designation is the quantification of embodied energy, illustrated via this case study and using life cycle assessment. Life cycle assessment is a necessary aspect to net-zero energy buildings to understand how the embodied energy of materials is allocated during a building's use phase. With more quantitative data that accurately depict more sustainable processes, such as the incorporation of flyash into the concrete production, the connection between materials, embodied energy, operational energy, and total life cycle energy will become clearer. Specifically, the incorporation of flyash is an example of how by-product allocation is still a topic for contention within LCA and may effect how this sustainable process is modeled and understood. Since the impacts of CSL's materials were comparable to standard buildings, future criteria specifically aim to reduce the material impacts below that of a standard building should be further considered.
